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TBte. Radlp F«q«ncy Te*nlqj^ D«Jan And Method For 

■'^ ToBtinj Of Intsgrawl Cireillts And Waws 



The pre«nt invention r.l»«* to a n-»lhfld and apparatus for the 
,.«i„g 0, wahrs duHofl the IC fabricaton proceM and more paniwany to a 
n«thod and apparatus for the wireless testing of ICs on wafers. 



10 pAOK gnnimP o p THF IfMPwTiow 

In the integrated Circuit (IC) manufacturing process, a plurality 
of ICS are formed upon tne surface of a circuar wafer by the «uc«s.,ve 
deposKon of vadou. m«enals such a. metal and o>dde layers according to a 
design layout. After aH of me layers have been deposited, tbe wafer « diced 
,5 in«. separate ICs that are then pacKaged for sale. For ,ua,Ky .»u™"« 
purposes and for evaluaUng the manufacurtng process, «» iCs are tested for 
p,„per operation before they are packaged for sale. However, if ,t could be 
dotennined before dicing and pacKaging that a defect had occurred In a 
particular IC, or in the n>anufacturing process, then substantial «st savings 
20 could be achteved by diseasing the damaged IC before it is packaged or bv 
di««..din9 the entire wafi^r before it is diced and maldnp corrections to the 
maniitacturino process. 

conventional IC testing done after all of the layers t»ve been 
deposited on the wafer. Due to imperfections m the manufacturing process, a 
certain amount of me ICs w... be defective. For instance , the probab*"' « 
deiea occuning dudng «^ deposition of a metallizatKin layer ,s 1% then the 
Ibiiny of having defective ICs after 7 me,a„.abon layers nave^n 
deposhed is 6.8% which S not insignlflcant since ICs are ^'-'""^J 
tr uantities. Ttris is an investment on the pan of the manufactures mat 
'Zl m^gated by Knowing errors in me manufac^hng pmcess ba.re 
».her manufacturing steps are done. Furmermore, because sub^uent 
„^e.a,lizat.n layers affect the opera^on o, pre.ous me.a.iza..n 
difficult ^ ascertain a, which point in the nanufacmnng process me defects 
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occurred. Consequently. IC testing perform^ before sll ot the layers nave 
been deposited can provide vaKiable information thai can l?e used to discover 
faults in the IC or in the fabrication process. This is especially true for 
systematic faults such as faulty metal deposition. Test processeb that are 
5 done before the IC .« completed do exist but these tests are done 
destructively using physical probe contacts or capactive coupling. 
Accordingly, none of these testing metnods is satisfactory because of their 
destructive nature. 

Current tests mat are done once the IC is fabricated involve 
10 probing the IC via Input/Output (I/O) pads or special test pads. The results of 
these tests may disclose probiemR in the overall manufacturlny process that 
extend to all the ICs v^mich are fabricated, meanw^hile operational tests of the 
ICS themselves may distinguish individual defective ICs that can then be 
marked for disposal after dicing. The test mettiud comprises powering up the 
15 ICS and using Itie probes to apply appropriate test signals and record the test 
result signals. The test result signals are Then analysed to insure that the |C is 
tuncTioning correctly. This method, and other testing methods which make 
physical contact with the pads of the IC. require accurate placement of the 
wafer in relation to the probes which can be both an expensive and time- 
20 consuming process. Furthermore, physical contact with the wafer may 
damage the iCs. 

Another difficulty with IC testing is that ICs are constantly 
increasing in density and complexity. This leads to a problem of visibility and 
accessibility when testing internal circuits within the ICs after the ICs have 
25 been fabricated. Furthermore, while the ICs are increasing in density and 
complexity, the number of I/O pins remains relatively constant or even limited 
by aeometrio constraints. This also contributes to ditticulty in IC testing sine;e 
the number of test signals which can be simultaneously sent to the IC is 
limlteg by the number of I/O pins. Likewise, the numb«r of resulting test 
30 signals which are probed from the IC is limited. 

The use of physical contact (i.e. using probes) in IC testing, after 
ICS have been fabricated, has another limitation ir> that the frequency of the 
test signals which are introduced to the IC is limited due to the physical 
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contact Current frequency limits are approximately 100 MHz, This frequency 
limitation puis a lower limit on the test time. Furthermore, this frequency 
limitation means that ICs are tested at only ino"- or I/IOO'" of the clock 
frequency tnai is used during IC operation. Consequer^tly. the test results may 
5 not accurately reflect how the IC will behave when It operates at its nominal 
clock frequency. In light of this information, it is becoming increasingly difficult 
to test o. even access certain sub-circuits within me IC using existing test 
methods. With IC technology approaching 1 V operating levels, new lest 
memods which u«e inductive coupling or radio frequency transmissions to 
10 transmit tost data and receive test results are being developed. These tests 
involve fabricating small test circuits on the IC wafer. However, these test 
circuits must be small in size to reduce the overhead costs associated with 
fabricating these test circuits. 

Schoellkopf (U.S. Patent No. 6,166.607) discloses » lest method 
1 5 that uses ring oscillators, oscillating at discrete frequencies, as test circuits. 
These ling oscillators are placed in the cutting path between the dies on the 
IC wafer. It Is not certain how these test circuits are povirered or controlled. 
The test circuits are connected to metallization layers at least two levels 
above the meUllization levels That are used to fabricate ttie test circuft. In this 
20 manner, SchoetlKopf Is testing the propagation delay properties of the IC and 
whether the metal intorconnecU are Intact- This test method measures the 
characteristics of the transistors In the test circuit as well as indirect 
measurement of the characteristics of the transistors of the adjacent ICs. 
However, Schoellkopf requires eirtemai probes for powering the test circuit. 
25 furthermore, the te»l circuit does not allow for the measurement of the 
influence of the interconnection resistance and capacitance on the iC 

To be useful, the IC test method must work over a range of IC 
technologies (i.e. gate sizes measured in microns) and supply voltage levels, 
■me IC test method, in particular «r« test circuits that arc fabricated on the IC 
30 wafer, must therefore bo scalable. It would also be beneficial if the test circuit 
were small In size so as to minimize the impact on chip real estate. 
Furthermore, since currem state of the art ICs operate at very nigh speeds 
and have small dimensions, mese iCs operate at the edge of analog behavior 
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a« important as .hey af*C m. partcnance of me IC. Tha IC last 
method shouW also test tlie 10 at high apeed. 



yilf^a^ynFTHrirEMTION 

The present invention comprises a test circuit for testing an 
10 ..Kearated circuit un a wafer The invention fu,«>ar comprises an apparams 
t«ing the test circuit tor testing an miBgratea circuit on a »a(*=r. The opparatu. 

Mmprises: 

a) a test circuit formed on the wafer with the integrated circuit, 
the test circuit comprising: 
^5 i) a ring oscillator circuit. 

il) a plurality of sukMiirfiUits coupled to the ring oscillator 

circuit, 

iii) a control cirtiuit to selectively couple the sub-circuits t» 
the ring oscillator circuit, and 
20 b) a test unit separate from the wafer, the test unit linKed to the 

test Circuit to transmit a signal to actuate the te.t circu.t The test unit, when 
activated by the test unit, conducts a separate test of the integrated circuit for 
each sub-circuit selected by the control circuit. 

The test conducted by the test circuit is a parametric test 
25 wherein the sub-clrcuiis. when coupled to the ring oscillator crcuit. change the 
f,«q.ency of oscillafon of the r.ng oscillator circu.. The control circuit 
comprises a sequencer to selectively couple the sub-circuits to the nng 
oscillator circuit to produce a series of test states. 

The test unit transmits a power signal (i.e. an RF power signal) 
30 that is sufficient to energize the test circuit. 
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The test crculi furthe. includes at least one sub-circuit 

1 tA rhanoB the freauency of oscillation of the ring 
comprising a capacitive load to change tne trequen y 

oscillator circuit. The capacitive load comprises at least one capactcr. 

The test Circuit further includes at least one bub-circuit 
comprising a oapacrtive load and a resistive load to change the frequency of 
oscillation of me ring oscillator circuit. The capacitive load comprises at least 
one capacitor and the resistive load comprises at least one resistor. 

The test circuit further includes at least one sub-circuit 
comprising a delay element to change the frequency of oscillation of the ring 
D oscillator crcuit. The delay element may be at least one inverter where.n the 
inverter is a standard CMOS inverter. 

The test circuit may be fomned on the wafer with at least two 
metalliration layers of the integrated circuit Alternatively, the test circuit may 
be formed on the wafer with at least cne metallization layer and one 
5 polysilicon layer of the Integrated circuit. 

The test ciicult further comprises a transmitter circuit to transmit 
the test result signal from the test circuit to the test unit- The test result signal 
is the output of the ring oscillator circuit- Accordingly, the test unit compnses a 
receiver ciccuit to receive the test result signal from the test crcuit. The test 
unit further comprises a circuit to analyze and display the test result signal. 
The analyzing circuit calculates a value of the parameter being tested The 
analyzing circuit may also calculate a ratio of the values of the parameters 
being tested. 

The test circuit further comprises an antenna adapted to receive 
25 the Signal from the test unit and a power supply cirourt coupled to the antenna 
and adapted to provide power to the test circuit. The power supply crcu.t 
comprises a voltage rectifier coupled to the antenna, a voltage regulator 
coupled to th« voltage rectifier and an energy storage element coupled to the 
voltage regulator, wherein the power supply circuit is adapted to provide a 
30 plurality of voltage levels to the test circuit. 

The control circuit In the test circuit further comprises a second 
nno oscillator adapted to provide a first clock signal, and a divider coupled to 
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• .^Mior and the sequencer ai«l adapted to provide a second 
«.e sec.^ nng cs^ - - signal Is provided to ma sequencer .a 

.oc. signal. a series of test state .anals to the ring 

that the sequencer can proviwo 
oscillator and plurality of sub-circuits. 

The transmitter circuit in the test circuit further compnaes a 

transm.s3ion of the lesi a Altftrnativeiy. ths 

,0 coupler may modulate the impedance or me 

signal to the test unit. , ^„ 

There may he plurality ot test circuits that arc placed on the 

There may u h eeauentially or test a plurality of 

wafer. The teat unit may lest each test circuit 6equem.aiiy 

drc.,i> may De fermed a. dtes ne« «» edse of th. wafer. 

Th. inv.n.on also to » »f «*S »n integ«ted 
. farmed on We water *«in the iiKSiaKM 
20 circurt on a wafer u*9 a wst c,r=u,t formed on tn. 

■ircuit the teat circuit compr»ing a rlns oscillator arcuit, a pluialrty « 

.l^a » - rtn, o^l«»r circu* wMrein «ch .u...rcu chanQ 
3 rZ of o,cil,a«on o, ma rir^ osdllator «uK, and a cooirol crcu.^ 
irv^coupla ma su^.rcul„ » l.« ri„9 oaclllato, clrc. tha maWoO 
25 comprising: 

ta) activaling the test circuit; 

Cb) sequentially coupling the sub-circuits to the ring 
oscillator circuit to seiec«velv change the frequency of oscillation of the nng 
oscillator circuit; 

^ tc) producing a tost result signal in response to each 

sub-circuit selected by the control r.ircuit. ana. 
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(d) 



analyzing the test r^ult signal to det.rm.ne the 

frequency of oscillation- 

Each lest conducted in the method i. a parametn test. 
IL mav further consist of calculatir.y a value for the 
Accordingly, the method may ^^^her ^ a 
5 parameter being tested. Wiematively. the method may con- 
ratio of values for the parameter be.ng tested. 

rne metnod fur«,er comprises effecting step (b) according to tne 

steps of. 

(e) providing a docK signal; and, 
m generating a sequence of test states and state 
" .gnals oased on U.1 CocK signa, to sw,tcha.v coup, the suh-c.rcuits to tne 
variable ring osoillaiof. 

Step (d) of If method furth« comprises tha steps of: 

(« »uplin9 the «... ^ » 
15 tt,el«tcir».Kthroughaoouplarinth.te..circ,*and, 

m enaWing and di«bli.^ the coupler to inierm«e,,tly 
t..„».tme.est«,u»s,na,.oa.e.un,.oa.o«metes,uni..osvnc.™n«e 

the ft ,«ult »ighal and analyze the lea .»ult signal. 

The method further oompn»ea us,ng at least one au.>oin:u« m« 

, ne men i^ftuencv of operation of the nng 

20 comprises a capactive toad to change the frequency op 

oscillator circuit. 

, ,e meinoa also fu.ther comprises using at least one sub-c.rcu,t 

• ; lacitive load and a re.istK,e load to cnange the freuuency 
that compi»ses a capaciuve loau 

of operation of the ring osdiiator circuit. 

The method also further comprises using at least one sul.-c,rcu.t 
25 ^ "® mewBu «. f^uencv of oscillation of the 

that comprises a delay element to change the fr^uency 

ring oadllator circuit. 

The memod further compr'^e. using a aaquencer for the .»ntrn. 
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The method futlher comprises sequentially testing a plurality of 
test circuits whteh are fon^ed on the wafer. Alternatively, the m«mod further 
comprises testing the pluralrtv of test ui.cuits on the wafer in parallel. 

Further objects and advantages of the Invention will appear from 
the following desnr.pt.on. taKen together with the accompanying drawings. 
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paig^ DESCRIPTION OF J HF, pRAWI^QS 

For a better understanding of the present invention and to show 
..ore nleany now it may De oarried into effect, reference will now be made. ^ 
1Q w.y of example, to the accompanying drawings which snow a preferred 
embodiment of the present invention and in which: 

Figure 1 is a block diagram of the wireless IC te»t system; 

Figure 2 is an embodiment of test circuit placement on the wafer 

to be tested; 

figure 3 is an alternative embodiment of test circuit placement 
on the wafer to be tested; 

Figure 4 is another alternative embodiment of test circuit 
placement on the wafer to oe tested: 

Figure 5 is another alternative emDodlmem of lest circuit 
20 placement on the water to be tested; 

Figure 6 fe a block diagram of the test unit; 
Figuie 7 is a block diagram of an embodiment of the test circuit; 
Figure 8 is an emDodlmenl of the antenna; 
Figure Qa is an alternative embooiment of the antenna as a 
26 monopole antenna; 

Figure 9b is another alternative embodiment of the antenna as a 

dipole antenna: 

Figure 9c is Another alternative embodiment of the antenna as a 
paten antenna; 
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Spiral antenna; 
»i element; 
of Figure 12; 

Figure 14«a*ctiemat.cnftnedWWer; 

Figure 15 .3 a schematic 01 th. sequencer. 

10 ■ ,th.Dfl-.D-flop used in the sequencer 

Figurel6isasoHemat.QoftheDfl.pW>P 

"'""""^ T ^ — - ""^'"^ 

,ft that are enabled dunng test state 2; 

Figu.e23isa3Chemat.coftheelemem 
* c 're 18 that are enawed during te»l state 4. 
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Figure 25 is a »chema«c of .ne elements of ,he varieWe nng 

osdllator of Fi9u« 18 <«• ^« 

Figure 26 IS a schematic of me coupler to me antenna; 
Figure 27 i. a schematic of an alternative emt««liment of the 
5 coupler to the antenna; 

F^ure 28 is a schematic of a porfon of a mod« tast orcuit for 

testing circuits within the IC; 

Figure 29 is a schemaSc a por«on of an anernate emDodiment 
of a modified test circuit for BstWg circuits wilhin me IG; 

Fiaur. 30. is a specrur, of a simu,a.,on resu,. oDtalned from 
" tes^n, me telTlul, tnat »no«, ^,uenc, re.,u«on «.n measur,no 
capacitance and resistance; 

Figure MP i, a spectrum of a .illation result obtained (™m 
,«.„g me Jfc ircu* that .how. the ...uenc, reso.ut.on when measunna 

15 gate delay", and. 

Figure 31 is a graph of sir.ul.tion results showing ring osallator 
frequency .ersus supply voltage for various IC technolog.es. 
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^ system 10 compr^i,^ a test un» 12 ana a test 

14 IS fanncateu at a plural,., of location, on a wafer 1S wh,ch contain, a 

l^rof ICS. The t^t uni, 12 is separate from m. wafer 16 and is coupled 
ITslv 1 anv l^st circu* 1 ♦ on »e wa,^ 16. The wi«^s IC tes, sy««n 
To s ined to pertorm parameter testing C me wafer 16 as v«U e 

j:l-grea.arde..iibe,o„.Mernet.c..mew.e^^^^^^^ 

may p, e««nded to pe.f«m functional testing of me ICs on me walfer 16 a 

will be described in greater detail below. 

Reference is next made W Figure. 2 to 6 which show diWerent 

embodimen.s.orp^«.^thetestcircui,14onmewa|er1..1n2-^ 

„,uh rectangle in me wafer 16 represent, a d« wh»h may cont.n an iC 16. 
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Referring to Figure 2. the test circuit 14 may De placed in a die thai is adjacent 
to the die Which contains tr,e iC 18 whose parameters are to be tested. This 
configuration would provide 100% coverage fortesHng the IC 18. 

Referring to Figure 3, the test circuit 14 could be fabricated 
wrthin the same die in which the IC 18 is fabricated. This configuration would 
also provide 100% coverage for testing the IC 18. in this configuration, it is 
important that the test circuit 14 oe very small In size so as to minimize the 
amount of chip real estate that it requires. 

Another alternative placement strategy is shown in Figure 4 in 
Which U.e test circurt 14 is placed on locations upon the wafer 16. determined 
by a statistical m«Jins. to optimize the number of ICs 18 that are tested while 
providing less than 100% coverage. This may be beneficial in situations 
Where it is not essential to have 100% test coverage or in situations where 
one needs to save on chip real estate. 

Another alternative placement strategy is shown in Figure 5 in 
which the test circuit 14 is placed in dies which are located adjacent to the 
^ges of the wafer 16 where a full IC 18 cannot be fabricated. Ttiis strategy 
will also result in less than 100% coveiage for testing the 10 18. 

Referring next to Figure S. the test unit 12 may comp.ise a 
20 monitor 22. a logic means 24. an oscillator 26, an ampler 28. a first antenna 
30 a second antenna 36, a filter 38. an amplifier 40. a phase lock loop 42. a 
decoder 44 and a logic means 46. The monitor 22 may display the 
parameters of the RF power signal 32 that is transmitted to « particular test 
Circuit 14 on the wafer 16. The RF power signal 32 is used to power the test 
25 circuit 14. The monitor 22 may also show the results of the test on the test 
cirt^Lt 14 The monitor 22 Is connected to the logic means 24 which controls 
the oscillator 26. The oscillator 26 generates the RF power signal 32. The 
oscillato, 26 is connected to the amplifier 28 which amplifies the RF power 
signal 32 to a level suitable to be received by the test circuit 14. The amplifier 
30 28 then provides the amplified RF power signal 32 to the antenna 30 which 
radiates the RF powe. signal 32 towards the test circuit 14. Only the RF 
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power signal 32 Is sent to the test circuit 14. The test unit 12 does not send 
any test signals to the test circuit 14. 

The test circuit 14 then generates a test result signal 34 which is 
transmitted to the test unit 12. The test result signal 34 is received by the 
5 secorwl anttsnng 36. The test result signal 34 is then sent to the filter 38 which 
fitters any noise that is present in the test result signal 34. The fill«r«U test 
result signal 34' is then ainplified by the amplifier 40. The amplified, filtered 
test result signal 34" is then sent to the phase locK loop 42 wnich Is used to 
lode onto to the frequency of the amplifiBd, filtered test result signal 34". The 
10 phabe locK loop 42 may preferably be a wide capture phase locic loop which 
looks-in to a wide range of input frequencies. The decoder 44 is Uien used to 
determine which lest was perfomned by the test circuit 14 based on the 
amplified, filtered test result signal 34" and the logic means 46 Is used to 
calculate the value of the parametei that was tested. The logic means 46 then 
15 sends the lest results and the calculated parameter value to the monitor 22 
which displays the test results and parametei value. Alternatively, instead of a 
calculated parameter value, the test amplified filtered test result signal 34" 
may include functional lest result data. 

The teat unit 12 can be designed with a tot of flexibility since the 
20 test unit 12 is not contained on the wafer 16. Accordingly, the lest unit 12 can 
have a very compliyaied design. The test unit 12 may also have several 
different embodiments. For instance, the test unit 12 may use a lock-in 
amplifier wrth a spectrum analyzer to view the frequency of the test result 
signal 34 which contains the parameter information. Alternatively, analysis of 
26 the test result signal 34 may involve performing an FFT on a portion of the 
test result signal 34. Furthemiore. the functienality of the first logic means 24 
and the functionality of the second logic means 46 may be Impiememed by 
the same logic means, in addition, another alternative may be to use only one 
antenna in piece of the first antenna 30 and the second antenna 36. 
3Q wiin tliis configuration, the test circuit 14 can operate over a 

wide range of frequencies, such as hundreds of MHz to several GHz. The 
particular technology whicn is used to implement the test circuit 14 will also 
affea the frequency range of operation. Higher frequency allow tor a smaller 
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receiving antenna on the test circuit 12 as well as more direcUonality. The test 
result Signal 34. based on tne configuration of the test circuit 14. oouid radiate 
at a frequency on the order of several hundred MHz to several GHz. However, 
the power consumed by the test circuit 14 must be minimized since there is 
5 no other power source for providing power to the test circuit 14 other than the 
RF power signal 32, Fu.lhermore. the intensity of the RF power signal 32 is 
low 80 that there will not be any interference with other circuitry on the IC 18. 

To couple the test unit 12 to a desired test circuit 14 on the 
wafer 16. a number of techniques could be used. One particular embodiment 
10 would be to localize the RF power signal 32 to the area of the wafer 16 where 
the test Circuit 14. for wnicn testing Is desired, is located- This can be done 
with a small loop antenna or by using some ferrite material to maximize the 
electromagnetic flux to an area local to the test circuit 14. Likewise, the test 
result signal 34 would also be localized to tne second antenna 36 of the test 
15 unit 12 since the lest circuit 14 is in close proximity to the test unit 12. 

An alternative embodiment for coupling the RF power signal 32 
to the test circuit 14 may be to implement a circuit discrimination method in 
which each test circuit 14 would have a unique sequence number. The 
sequence number would be used when transmitting the RF power signal 32 
20 50 that a test circuit 14 could deiemiine if U.e RF power signal was addressed 
to it LiKewlse. the test circuit 14 could use this sequence number when 
transmitting the test result signal 34 to the test unit 12 and the test unit 12 
could have a decoder means to detect the sequence number and Identify 
which test circuit 14 sent the test result signal 34. 
25 Another further arrangement would be to use the geometric 

property that the test circuit 14 directly underneath the first antenna 30 of the 
test unit 12 would receive the most energy and therefore have the highest 
available power. Likewise, the test circuit 14. directly underneath the test unit 
12. would radiate the highest energy signal so that the test unit 12 need only 
30 locK onto the highest energy signal. 

The test unit 12 of the wireless IC test system 10 may be 
adapted to test sequentially; i.e. only one test circuit 14 on the wafer Is tested 
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at a time. Alternatively, the test unit 12 may potentially energize several test 
circuits 14 simultaneously. In this caoo. the test unit 12 may ccmpnse several 
transmitters (i.e. item* 24 to 30) and receivers (i.e. items 36 to 46) to p,ov.ae 
for the testing of several test circuits 14 in parallel. The antennas of the 
transmitters could be localized over the test circuits 14 which are to De tested. 
Accordingly the antennas of tne transmitters would have to be separated by a 
certain distance to avoid interference. UiKewise. the receivers in the test un« 
12 must be separated as well so that tney receive and evaluate the test 
results 

Reference Is now made to Figure 7 which shows the layout of 
the test Circuit 14 in blocK format. The tc.t circ.it 14 ir.clud« the follo^^ing 
components connected together an antenna 60. a voltage rectifier 62. a 
voltage regulator S4. an energy storage element 56. a ring oscilator 68. a 
divider 56, a sequencer 60. a variable ring oscillator 62. a synchronization 
15 element 66 and a coupler 68. Each of these elements will now be described. 

Tho antenna 50 receives the RF power signal 32 and transmits 
the test result signal 34 back to tne test unit 1 2. The antenna SO must 
maximi«J the amount of incident energy it receives and minimize the amount 
of energy needed to send the test result signal 34 frotn the test circuit 14 to 
20 the test unit 12. 

Referring m Figure 8. the antenna 50 may be a loop antenna SO' 
whid. is looped around the test circuit 14. The loop antenna 50' may be made 
from the metallization layers which are deposited on the wafer 16 during the 
fabrication of the IC 16. The antenna 50 should be optimized for power 
25 reception. Part of this optimization involves having a close coupling between 
the antenna &0 on the test circuit 14 and the m\ antenna 30 on the test unit 
12. Furthermore, since the frequency of th© RF power signal 32 is so high, the 
loop antenna can have a lengtn which is mucn shorter than the wavelength of 
the RF power signal 34. in an alternat.vc embodiment, one antenna may be 
30 used for the entire wafer 16. In a further alternative embodiment, the antenna 
50 may be placed along the uut lines of the dies, if the IC 18 is not to inoludo 
the test circuit 14 after dicing. 
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An alternative embodiment of me antenna 50 is itetrated in 
Flnure 9a wnicn snow. . monopole .menna 70 placed in m. d,e v,h,ch 

iaid acroaa me diec which contain the teat circuit 14 a,^d the IC 1 8 stiown Dy 

6 anlna TO'. Wternat^etV. » ^ " " " 

. in th. Piflure, ,h. dipol. antenna 7a .pan. ^ d» a- 
a'lm to the d.a» Which contain the IC 18 and the te^ c,rc„,t 14. 
2rl.v. the dipole antenna 72 could he s»uated sucn tna, ,t oni, 
occupies two dies. 

Another alternative embodiment f the antenna 50 la a patch 

antenna 74 aa ^ m Fi9"« ^- ^ "^"^ '* -^^"^ 
13 ohonted .owarda fat clrc„« 14 In this »n1ioura»on, the pa^ch 
alt « can have a din,ens,on in the cenhnteter range which would *w 
the antenna 60 to receive an RF power signal « wiih a f«quency ,n the 
ia Glgahenz range. 

Referring to Figure 9d, another alternative embodiment of the 
antenna 50 a spir* antenna 76. The apiral antenna 76 ia in a die which« 
adjacent to me die mat contain, me tea. circuit 1 4. Alternative^, Since the tea 
circuit 14 ia amall in area, me spiral antenna 76 mav be in the same die u>a. 
20 contains me teat circus 14. 

The operation of the antenna SO is shown with reference to 
Figure 7. The antenna 60 recede, t^ RF po«er e^nal « .ran.ml.t«i from 
me tea. un« 12. The antenna 60 t^nsmHs me received s^nal ^ ttt. vo^«ge 
rectffier 62 The vo«a,e rectffier 52, voKage regulator 64 and me energ 
25 storage element 66 together are adapted to provide DC power » the 
laLer o, me tea, circuH 14. The voltage rec^fler « P-^- " 7; ' 
DC voltage a. po«ible given me k», lave, energy of me RF power signal K. 

Referring to Figure 10. me voltage rectifr S2 consists of a 
n««orK of diodes D1, D2, D3, D4 and 05 and capacito^ ''^'^^l^ 
,n cMta CVR4 and CVR6. The antenna 60 Is connectKl at node *1. The d«de 
30 CVR3. CVR4 CVR1 rectify the 
D1 Which Is connected to node Ai, ano mo cop 
incoming RF power signal 22 to pro-id. a DC voKage VUR1 wh^ ,s an 
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ThP ^oltaoe VUR1. in combination wW the capacitor, 
unregulated voltag.. The _ ^„^g« VUM 

CVB2 and CVM and the diodes 02 a d D3 ^e^- d 

--'°T'^:vrnrcrr::ir:^--vuK3.Tne 
, rrriv:;::ioK3a.used.pow.^^^^^^^^ 

- .rcuit U. in '^^^ -r.r— r ^^^^ 

FtTs max are connected as aioqe© 

the art. ARernatMy. Schotdcy diodes may be used. 

Referring next to Figur. 11. the voltage regulator S4 compnses 
! oi Q3 and Q4. The voltage regulator 54 

'° ' rrthr:::-^-.^^^^^^ 

reflulataa the eupply voitag ^^^^ ^ ^ ^ 

^ teat crcu. 1* The ,nput vo.»9. Vm t^ «» J 9 

*^ r.* the voltaae rectifier 52 ti e. vuf\i. 
"^^02 03 r« act as a vottage sense circuit. Wren input 
transistors Q2. aa ana w « transistor 

voitage Vin goes a.ovo tne j^^^J^^^^^ Vin 

contOination, tne uansiato, Q1 Is turned on wh«h '^'^^^ 
W ,e Shunted to ground VSS m causes the input v It^Vm tPJ '^ 
^ causes the supply vottage VBD to he "^^-^ '"^ J*';;^ 

.nreshold voRage of the Ca, Q9. » ""sisto, combmation. The voW 
» 11!^ a^o protects ,h. suOsBate of the IC 18 from high voWes which 
" :Crla":la„,CdesH,nedwahsu^m,«on,echno,ogvnasaverv^ 

breakdown voltage. 

still refernng to Figure 11. the energy storage element i» 
□refSrat.^ a capacitor ces. The capacitor CE3 may ..ore energy the. may be 
« p~me.e.to,thetest.™uM4.H,wev.r,notmuchener«™^^^^ 

Led if there 1. sufficien, energy provided by the RF power signal K The 
capacitor CES also acts to smooth the supply voltage VDD. 

Refe«n» la ««, made to Figure 12 which shows that the nnfl 

14 i-a 1-% id and IS which are connected 
nscillatorsa consteo,.«inve,«.«.r «^ 

■su in a series loop foedbacK configuration. The nng osciw 

p,Le a Coc'si,„a, .0 that * used to synchronize the test circuit 14. The 
:is.na.»rnavbeata,reouencywhich.comparab.to«,e.^^^^ 

at Which the IC 18 was designed to operate which may. for example, be m «» 
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clock signal 90, the signal will propag .^,*thpir outDut nodes 

^ i-» I-* Id and IS) have s»milar loaae ai ineii yu^^ 

5 signal flO «s n^tmv secant* • j 
of i/(2*nn,n») Hz. 

Ring oscillator standard ,n ,C design, ho««v«, » i. typ.«^ 
.0 u« . ri.a rX.or co™is.s «. a la,,e odd of ,nve««. su^ 

TilL A l»9e numbo, of inverter. U r«iu.« because m prube 
as IQI tnvenerb. n However, since 

10 ----- "irrr^rr^^^^^^ 

Ri- sianals are useil in the wireiew iw w-i i 
technologies- 

o nrvt made to Figure 1 3 which shows a scTtemaUc 
Reference « noxt made xo ngui« rwos 

--■.i».«r «A The inverter is a standard CMua 

• >o OA 98 1D0 ana 102 that are connected m 
25 of five divide by two circuit* 94, 98. 98. 100 an 

sane. The input to the divider 59 i. me ,^4 which 

e»H the divider output s a reduced clocK signal nu«» w... 
MO Circuit, are u«<l, J* ^ ^ „^ ^anol .0, .n th. 

H s» aach UNWe by two circuit was a D flip-flop moomeo m u= 
tr o?do^ b . = ng* input l,ne as is cotnmoni, i^own in the art. Each 
30 T flip-flop «ocK®*'»y'*^'"'^ * . minimal feature Sizes and a 

«de by ,»o <.rcu» was also ''^^^^^^ „„„ 

,„ini,nal number of ,ransi«o« so that <> "2*! TT,e 
o,«ipa.. less power and occupy a smaller amount of owp 
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u fransistors was achieved by using 
dvnamb flip-flop-- ^ ^„ with a 1 

signal 104 is then fed !0 me sequencer 60. 

Refarnng now to Figure 16. the sequence. 60 compr^es n.nc D 

122 and 124 connected in series .n a 
flip^flops 110. 112. 114. 116. ^"-J^^ ;™ „j D flip.flaps 

..n r...r .0... -^^^^^^^^^^ in .eat. 

,0 correlate. >.th the num^r d t^ ^t^e ^^^^^^^ 

qetail Oeiow As auch, the number of D w P seauencer 60 

w o«.t «tate« that are used in the lest circuit 1 4. The sequencer 
nunriber of test states thai previously 
was also designed using dynamic logic D fl.p-flops for the 

stated for the divider 59. 

T«e «q..n«r 6. shite on. bit .hrcugh the ch3,n of 0 W 
«>ch .nmsition 0, rertuceo olocK slanal e> ft«m a digital log,c value 
upon cage tr,ag««i fliP-"op m^V =>Bo 

nf w to a diflital oaic value of 1 (a negaiive » ^ , . m 

f It The output 88 of the final U «P-t»P '^V^'^" 

of««fi«tDftM_P „s,„,s9).T>««<,uenoer 60 ensues 

20 state Signals 82, 83, 5«, M. »». ,i ■,. for > aiven oetiod of 

that only on. .tat. .ignal ha. a «tai logic value uf 1 for . g,/en po 
rcol signal SO. Onoe tt» «... signal 60 ha. a digital logic vaW of t me 
. i. u.«l to ««t each Of me D fflp-tlops In the sequencer 00 

crepes a dIgW logic value o, T at the input 1»l of 
« II r..X ^10 » re.ta. the «,uan» o, test anao. aignals This 

r^::L«ers«.n0.7en.uretha..h.r.isagooO»,uateed,eoti«,<. 
transition for the input signal 1M to the flrat D fUP^loP 
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. ^ to FiQure 16 which shows a schematic 
Reference Is next made to Figure - 

indudee reset RST. cl«tk CK, input Pi .^^^^^ ^^^^ 

'r :::: :::: ;rio^ o. . 

Betore di.oussino aie varia^W ring coairtor 61 ^ ^ 
. J^14 b. <1B«.M«1. The test memodflioay is 

^ on Wir«.V me«u.n, P«»nej«. '^-^^.X „ „ 

"7 r rji::rr r^::^ - 

may also be used as aescnixs «,««pt«rs that could be tested 

the test crcurt 14 or may b« res. 
£ ir lA in mis fash on, ihe IC 18 may vwi^i^^ 

furtner^c, -j;"^;;'' ; ,,.«c«= «.icKn»« cr ion 

T'T: rl^d — ™y ue an. for ^ 

Silicon layer, or the resisxiviiy measured, in 

0,1 p.r»«..« » ""^ 
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To accomplish parameter testing, one embodimeni switches the 
sub-circuits into and out of the variable ring oscillator 62 based on the test 
state signals SI . S2. S3 S4. S5. S6. S7. S8 and S9 which are supplied by the 
sequencer 60. Most of the sub-circuit that are switched into the variable nng 
5 oscillator 62 load the variable ring oscillator such that the sub-circuit will affect 
the frequency of oscillation of the variable ring oscillator 62. Differences .n the 
frequency of oscillation of the variable ring oscillator 62 will then allow for 
parameter measurement as will be shov^n below. 

To illustrate the concept of using the frequency of oscillation of a 
10 ring oscillator to measure IC parameters, reference will now be made to 
Figure I7a which shows a ring oscillator 132 comprising 3 inveners 18. 19 and 
no and a variable load 134 which includes capacitors CL1 and CL2 and a 
Transmission gate 136. The capacitor CL2 is switched into the ring oscillator 
132 when the transmission gate 136 is enabled by a control signal 138. When 
the transmission gate 136 is disabled, the load 134 on the ring oscillator 132 
is dominated by the capacitor CL1. As previously discussed, if the nng 
oscillator 132 did not have the load 134. and the load of each inverter m the 
ring oscillator 132 were similar, the ring oscillator 132 would oscillate at a 
frequency of 1/(2-3-t..). However, if the load 134 on the second inverter 19 m 
the ring oscillator 132 was made large compared to the load of the inverters 18 
and 110 then the delay of the ring oscillator 132 would be dominated by the 
delay associated with the inverter 19. Accordingly, the frequency of osallat.on 
for the ring oscillator 132 would be proportional to the load 134 of the second 
inverter 19 (the load of the inverters 18 and 110. although not shown, includes 
me internal parasitic capacitances of the transistors used in the inverters and 
interconnect capacitances, i.e. a parasitic capacitive load, and a lumped 
resistance). In this case, the ring oscillator 132 would have a frequency of 
oscillation given by the following equation: 
fc«M/. 

where t is a time constant associated with the load 134 of the second invener 
19 When the transmission gate 136 is disabled, the load 134 is the product of 
the capacitor CL1. a lumped resistance R,..p and a constant k. The value 
• R,,p is the equivalent resistance seen at the output of the inverter 19 and ihe 



20 



25 



30 



* 



21- 



10 



constant k depends on th. substrate of the iC 18 (i.e. silicon versus gali.um 
arsenide) and the IC technology (i.e. gate size). Tne lime cunsiant is therefore 
K*Rm„*CL1. When the transmission sate 136 is enabled, tha time constant 
becomes MR„.^^- (CUl ^ CL2) since the capacitors CL1 and CL2 are now in 
parallel. Tht^refore. the two frequencies of osciilatinn of the ring oscillato. 132 
are given by the formulas- 

f«sci ^ V(K-( R,«mp*CL1)) ^2) 

fosc2 = 1/(K*( Riump- (CL1 i- CU))) 
When the frequencies of oscillation are measured, these formulas could be 
ussd to calculate me capacitances of the capacitors CL1 and CL2. 
Alternatively, based on the original design values tor the capacitances CL1 
and CL2 of the capacitors CL1 and CL2, an expected ratio of (CL1 + 
CL2)/CL1 can be compared to the measured ratio of f^i^focca to oetermine if 
there were any flaws in the tahrrfration process (this ratio comparison is based 
15 on dividing equa^on 2 by equation 3). 

The nng osciliaior 132 was simulated to determine whether the 
TWO capacitors CLI and CL2 would result in two oscillation frequencies that 
could be resolved when measured. Referring to Figure 17b, the amplitude 
spectrums of me output 140 of ihe ring oscillator 132, whon the load 134 first 
20 ^insisted of the capacitor CM and then the parallel combination of CLI and 
CU2, were combined, ngure 17D shows thai the two oscillation frequencies 
(peaks 142 and 144) are distinct enough to be measured during a parametric 
tost. Based on the measured oscillation frequencies (fosci and foscs) and the 
design values of the oapacitore CUl and CU2. an indication of the status of 
25 the fabrication process based on original design values can be checked 
during parametric testing by comparing the ratios mentioned previously. 

Reference is now made to the variable ring osciliaior 82 shown 
in Figure 18. The variable ring oscillator 62 was designed to occupy a minimal 
amount of die area, operate at high speed and dissipate a minimal amount of 
SQ power The vanabie ring oscillator 62 comprises a base ring oscillator 160, 
sub-circuits 152. 1S4. 166, 1S8, 160, 162. inverters ill. 112, H3. 114. 115. 116. 
117. 118, 119, 120, 121 and 122, transmission gates T2. T3. T6, TN2, TN3 and 
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TN6 and a number 5f .«»istors. capacitois and transistors wWcn will Be 
di»r.us.a<i in areater detail. The Base nng oscillato, 150 oomprisea throe 
inverters 111, l« and l« thai oscillate at a Base frequency. The sul«,rou„s 
Ml 1S4 186 1S8, 160, and 162 are used to vary the base frequency of 
oscillation for the base r,nfl oscillator 150 such that resistance, capacten.* 
and gate delay parameter values of me IC 18 «n be indirectly n-easured 
Oased on the principle illustrated in Figure 17. The output of the variable rihfl 
oscillator 62 is at the circuit node Vout. 

To enable these sub-circuits, test state signals S2. S3. S4. S5 
and S6 arc used to enable or disahle the transmission gates T2 and T3. the 
transistors OA and QB and the transmission gate T6 respectively. Ther« are 
also state signals NS2. N33 and NS6 that are used to enable th« 
transmission gates TN2. TN3 and TN6. Th^. state signals 52. S3, S4. S5 
and S6 are obtained from the sequencer 60. The test state signals NS2. NS3 
and NS6 are obtained by Inverting the test state signals S2, S3 and S6 by 
using the inverters 114, 115 and 116. In Figure 18, the inverters !14. 115 and 116 
appear disjoint from the variable r,ng oscillator 62. however this is done tor 
simplicity, m the implementation of the variable ring oscillator 62. the inverters 
114 115 and 116 receive the te«t state signals 82. S3 and S6 from the 
20 ^quencor 60 and tie outputs of the inverters 114. 115 and 116 are connected 
to the sub-circuits 152 and 162 at the circuit nodes where the test state 
signals NS2. NS3 and NS6 are applied. 

The transmission gates T2. T3, T6, TN2. TN3 and TN6 act as 
switching elements which allow the sub-circuits 162. 1S4. 156, 1S8. 150, and 
162 to be attached to the base ring oscillator 160 when their control signal, 
v^hich is the respective test state signal to which they are connected, has a 
digital logic value of 'V. 

Referring to Figure 19. the transmission gate circuitry 164 used 
for each transmission gate in the variable nng oscillator 62 is .huv.n. The 
30 transmission gate circurtcy 164 u^mprises a network of four transistors QT1, 
QT2 QT3 and QT4 and has an input signal X. an output signal Y and a 
control signal ON. When the control signal ON has a digital logic value of 'V, 
the value of the output signal Y is equal to the value of the input signal X. 
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tml .ianal ON has « digital logic value of '0', the output 
However, when the control signal OH J t^ansmissinn gate 

signal Y i« disconnected from tn« .nput a.goal X and 
appears as an open circuit. 

Before each su..ircuit is described, the test ^^2:^^ 
.scus^e.. The te. ..uence consist, of 

r:....nchron-^tothe.e.uenc.lnthetest^^^^^^^^^ 
oophisticated methods are used in the test un.l 12, then a P 
time for each test stale could be used). 
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Table 1 SequenccofTestSwies 
■4^. . r-f— Test type 



Test State 



Null Test 



State signals with 
value of '1' 



NS2.NS3jNiS6 



6 



Free Running Test Signal 



Capaatance Test 



3x2 Capacitance Test 
Resistance Test 



NSZTNSa, NS6 



' Output of 
Variable Ring 
_ OscillatO! :_^ 

Disat)led _ 

Enabled 




S47NS2, NS3, NS6 



8 



Propagation Delay 



l^ree Ru nning Test Signal 
NulTTest 



S6 , NS2, NS3 



NS2, Na3. N86 



Enabled 
Enabled 



"Enabled 



Enabled 



Disabled 



fix/e inverters in the variable ring oscillator 62 and no loao. u a 

1 n^.^-, . ™..u.<. usin, .ha ,«o circuH »po.oa«. shown .n 
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sato delay i. evaluated Oy .ncre».ng m 

in esrjiteastateto ^i™ for parameter measurememwill now« 

M«tir.8 to Fp.m OurM tea Sale 1, the state sis™!. M82^ 
• J,«,i:. va'ue of 'V. Aooordingly, the components ot 
uss and NS6 nave a digital loS" ' ■ " = ' 

Zra:r,«.cn.na.,he.,.J.a=^^^^ 

r^d « ma, each inve^r haa .«ar ^J^^ 

mewured ir> this t,«t state and used al>;n!, «*h teat atate 6 to m 
parameter or sate delay. 

Kewanoe is nea made to Fsure 21 which aho«a the .len«nU 

- « - - 7,:r rhranrth:"ar-rr: M is 

connected to the Msenngo go and haa a capacitor CI 

"an ^e p^s^cLs of ea* in«rter 1,1, •« an^ • « ^"^^ 

o, os*«o„ for the vaHab^ m « 
HZ (following the guidalin.. outlined (or Figure 1 

Reference is nea made to Figure 22 which shows the stemenis 
or.hewia«:r::cil.tor.2.ha,a»e.ah.eOdur™ 

--nr-rT;r':r::::h:r:::i«^» 

transmission gates i o an« » 



connected to the base ring oscillator 160 8uch that the variable ring oscillalor 
62 comprises five inverters 111. 112, 113, 121 and 122 and has a capacitor C2 
as a load. Once again, the capacitance of the capacitor C2 is chosen to be 
much larger than the parasitic load of each inverter 111. 112. 113. 121 and 122 
5 30 that the frequency of oscillation for the variable ring oscillator 62 is 
1/(K*(Rk..p>C2)) \iz. The capacitance of the capacitor C2 must also be 
^ chosen to be different enouyh from the capacitanoe cf the capacitor C 1 .n 
Figure 21 , so that the frequency of oscillation of the variable ring oscillator B2 
can be discriminated against vyhen comparing the test result signals obtained 
1 0 during test states 2 and 3. 

To calculate the actual ratio of the capacitance values, baaed on 
the fabrication process, one uses equations 2 and 3 adjusted for the loads 
shown in Figures 21 and 22. The equations become: 

fosci = Riump*-CUl)) W 
15 f„.^«1/(k*(R,ump*CL2)) 

Dividing equation 4 by equation 5 results in equation 6: 

roscirf<«c2=CL2/CL1 (fi) 

This ratio can be calculated given the tact that fosci and f«c2 are measured. 
Fuithermore, the geometry of the physical layout of the variable ring oscillator 

20 62 allows one to choose a value for the ratio of CL2/CL1 . For example, one 
may choose to maKe CU twice as large as CL1. Therefore, the ratio cf the 
oscillation frequencies Uc^ and foscs shouW also be two. Thus, the fabrication 
of the variable ring oscillator 62 on the wafer 15 can be checked against the 
original design to see if there is a match by calculating the ratio for the 

25 oscillation frequencies (fosc,/t»c2) and comparing this ratio to the expected 
value of the ratio of CL2/CU1 based on the design of the variable nng 
oscillator 62- If there is no match between the ratio of the oscillation 
frequencies dt^^lf^) and the expected ratio of the design values of the 
capacitances (CU/CL1). then this indicates that there is a problem with the 

30 faoilcatlon process. One may also simulate the performance of the circuit 12 
U3ing a circuit simulation program, such as CADENCE^" to determine the 
vaiue of the oscillation frequency given the ciicuit configuration. This 



Simulated osoiliati.n frequency value can then compa.ed to the measured 
frequoncy of o.c,ii.tion 10 see if the fabricated circuit works as it should. If 
these two uscillation frequencies do not match then mere may b« an error .n 
the fabrication process 
5 Reference is next made to Figure 23 wnicn shows the elements 

of the variable ring oscillator 62 that are enabled during test state 4 in which 
the state signals 34. NS2, NS3 and NS6 have a digital logic value of T- In 
thi* case, the transmission gates TN2. TN3 and TN6. tl,e transistor OA arc 
enabled so that the sub-clrcuils 152 and 1S8 are connected to the base nng 
10 osuillator 150. Therefore, the variable ring oscillator 62 uomprises five 
inverters 111. 112, 113. 117 and lia and haa a load consistina of a resisfflr R1 
in sBfles with a capacitor C3. The impedance of this load is Chosen such that 
it is much larger than the parasitic loads of each inverter 111, 112. 113, 121 and 
122 in the variable ling oscillator 62. The delay of the variable ring oscillator 62 
15 is thus determined by the serial combination of the resistor R1 and the 
capacitor C3. The frequency of operation of the variable ring oscillator 62 is 
1/(k*RVC3) ( Iz (following the guidelines outlined for Figure 17a and replacing 
R,.nip with R1). Therefore the frequency of oscillation is proportional to the 
resistance of the resistor R1 - 
90 Reference Is next made to Figuie 24 which shows the element* 

of the variable ring oscillator 62 that are enabled during test state 5 m which 
the state signals S5, NS2, NS3 and NS6 have a digital logic value of 'V. In 
this case, the transmission gales TN2, TN3 and INS and the transistor QB 
enabled so that the eub-circuits 152 and 160 are connected to the base 
25 ring oscillator 150 The varlaDie ring oscillator 62 now comprises five inverters 
111 112, 813. 117 and 118 and has a load consisting of two resistors R1 and R2 
and a capacitor C4. Once again, the impedance of ihe load is chosen such 
that it is much larger than Ihe parasitic loads of the each inverters 111, m, 
J13. 117 and 118 in the variable ring oscillator 62. The delay of the variable nng 
30 oscillator 62 is thus deiermined by the serial combination of the resistors R1 
and R2 and the capacitor C4 such that the frequency of operation of Use 
variable ring oscillator 62 is 1/(K*(R1 tR2)*C4) Hz. Therefore, the frequency of 
osrillation is proportional to the sum of the resistances of the resistors R1 and 
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Ba once S9«in. as in the capactence parameter teat, tna values uf the 
resistors R1 and W should Be iars^ enough to allow the oscillation 
trequencles to resolved. 

To calculate tne ratio of Uie resistance values, based on the 
5 faoricacon process, one u^es equations 2 and 3 adjusted for the loads shown 
in Figures 23 and 24. The equations become: 

Dividing equation 7 by equation 8 results in equation 9. 
10 fo«,/f«,c2 - ((Rl-R2)yR1)-(CL4/CU3) O) 

rms ratio can t,e calculated given the fact that f„c. and U.. are measured. 
Furthermore, the geometry of the physical layout of the variable r.ng oscillator 
62 allows one to choose a value for the ratios of (Rl.R2)/Rl and CL4/CL3. 
For example, one may choose to make CL4 equal to Cl-3. Therefore, the ratio 
15 Of the o^^cillation frequencies should be equal to the ratio of 

(R1.R2)/R2. If this is not confirmed during testing, then this indicates that 
there is a problem with the febrication process. 

Reference is next made to Figure 25 which shows the elements 
of the variable ring oscillator 62 that are enabled during test state 6 in which 
20 the state signals 36. N82 and NS3 have a digital logic value of T. In th.s 
case, the transmission gates T6. TN2 and TN3 ar^ enabled so that the sub- 
circuits 152 and 162 are connected to the base ring oscillator 160. The 
variable ring oscillator 82 now comprises seven inverters 111. t12, 113. 117. 
its m and 124. Assuming that each Inverter has the same parasitic load, the 
25 frequency of oscillation for the variable ring oscillator 62 will be 1/(/*T,nv) HZ 
Where t.. is the delay of one of the inverters. This frequency of oscillation can 
then be compared to the frequency of osciltoUon measured during test state 1 
in Which the variable ring oscillator 62 comprised five inverters. The shift in 
oscillation frequency should be proponicnal to the addrtion of the two inverters 
30 during test state 6. 
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TO calculate the propagation delay of a sinQle inverter, tne 
ospllation period (t, = 5»t.„,} when the variable ring oscillatoj 62 comprises 
five inverters is measured Next the oscillation period t7 (tt - when the 
vanable ring oscUiaior 62 comprises seven inverters is measured The 
propagaUon delay of an inverter is then equal to (tt - u)i2. One ca.i then 
compare this measured propaQat«>n delay of a single Inverter to that which 
would have been expected based on simulations to determine if there is an 
erroi in the fabrication process. 



Referrina now to figure 26, an embodiment of the coup^ 

10 comprises a transistor QC and a capacitor CC. The transistor QCi^d to 
modify the impedance of the amenne 60. The source of thet^stor QC .S 
connected to the gate of the transistor QC such thai thetfaft^stor QC acts as 
a resistor when enabled. The test result signal 34^^ a given test state, is 
ooupied to the source of the transistor QC. Th^nsistor QC .s enabteo by an 
15 antenna couple enable signal 170. Whpflihe antenna couple enable signal 
170 has a digital logic value of 'V^.tKetransistor QC is enabled which allows 
the test result signal 34 to bM^P""^ antenna SO and radiated towards 
the test unit 12. When;h^ienna couple enable signal 170 has a digital logic 
value of 0', the teaftsistor QC is disabled and the test result signal 34 cannot 
20 be appliedXtSTantenna 50 and no signal ib radiated towards the test unit 
12. TDe^citor CC acte as a coupling capacitor to remove DC energy from 
: result signal 34 and couple the test result signal 34 to tlw antenna SO. 



Aij alternative embodiment for transmitting the test result sigr 

34 to thG test unit 1 2 involves modulating the impedance of the ant^pn^lo to 
25 re-radiate an RF Signal that contains the infomnation of the^gfresuit signal 
34. Referring to Figure 27. a partial view nf the tG«;*(ruit 14 shows that the 
implementation of rne coupler 66 iricludestijio^sistors QC1 and QC2 that 
are connected in senes. The tran5iattSrQC2 is controlled by the antenna 
couple enable signal 170 in^H^me tasnlon described Ibr an embodiment 
shown in Figure ZdJ^ii^ result signal 34 is used to control the transistor 
QC1 whichfeit^nected such that it behaves lIKe a resistor when enabled. 
\Aftierj>i<test result signal 34 has a digital logic value of 'V, the transistor 
S^is enabled and Increases the resistance of the antenna 50. Conversely, 
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when thete.tr»ultsi3na, 34 has a distel logic vall« ot'O', the— I 
« di.ahl«i and the impedance of the amenna 50retu»»J»^trt;«.na' 
Sinoe the periodic .rensltion f,om adlsS.M.9tf^« to a digital logic 

,alu. of .nd ,,c^er5ai»*«SI^*«t'"'"=>' ^ '^'^ 
*e frequjDEy^^>rfl^STi^^ modulation of the antenna 50 encode the 
y^^^rmation contained wiiwn me ie»t result aignal 34- 
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In either of the aforememioned e moodWieng. ii im «»m^ 
signal S4 were coupled to the amenna 80 .ia the coupler 8S>thSit the 
antenna couple enable signal 1/0, the te« unit « woyl*^ a senes of 
,0 fr«,uenci« but would no, be ahle to easll, deterjBintfvJhiCh test state We est 
dii:u,t 14 is cun^ntly in. To allow for ^^ncMfiTaatlon between the test unit « 
and the test circuit U. the seqjieWsO also swi.ch«i the coupler 66 so that 
uefons each repelition.*ifi^tt« seouenr*. i.e. during test state 0 or 8, the 
coupler 66 is dissfited so that no signal is radiated towards the test ui.it 12. 
The Msl^^2 may therefore synchronize lo the test result signal 34 By the 
Inception of the test «« ■■ ■» M ^ fe" 
In an alternative embodiment, the test circuit 14 can ba 
exienaed tu test the functionality of individual sub^ircuiKi contained within the 
IC 18 ri e a sub^ircuit of IC 16) as long as these individual sutxircuits do not 
require too much power lo operate. 1-or example, a tunclional test may he 
perforn-ed on memory wherein Ihe seqi^ncer 60 selocBvely p«wid« a dig^l 
,ag,o value of 'V or U to a series of memory cells. Each memory cell could 
then be probed and a frequency f1 transmitted to the test unit « if the 
memory cell held a digital logic value of r or a frequency tZ transmitted to the 
test unit 13 If the memory cell held a digital logic value of 'O'. Th« test unit 12 
would then evaluate whether the received test resuN sBnal 34 contained the 
correct data. 
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Referring to Figure n, a modification of the test ciro^ 
WOL.W allow the test circuit 14 to test a suD-circulM^O-^^ IC 18 
30 shown. This emDo^imem mcluaesti^eci.^u^^ in Fig-e 7 as we, 
.n .n.ble tran^iator Q6cpn««.tSd^round VSS, a test signal 182 and an 
enable test^ubifi^^^nal 184. The sourx:e voltage VDD which is used lo 
^gf^Jsub-circuit 180 IS providea hy m voltage rectifier 52. The power of 
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the 3ub-drcuit 180 is provkled by the enable te.1 .ub-c.rcuit signal 18^ 
grounds tne sub-circuit 180. This grounding is required becaj^flround 
path is needed before the sub-circuit 180 r^n be powef^;r^enibod.ment 
is preferable because there is a low voltage drop eoro^aihc transistor QE. In 
, this oon^guratiun. the sequencer 80 is n^odifi^provide tr^^ enable test 
.ub.circu« signa, 184 as well a. the tes^^al 182 that Is used to he 
functionally of the sub-circuil 180/P^3t signal 182 can be used to set one 
u, many logic states within mr^b-dr.uit 180. The resulting output s-gnal of 
the sub-circuit 180. i.e^st result signal 34. is then ^nt to the coupler 68. 
10 The coupler 68 als^ives the antenna couple enable s,gna. 170 which wa. 
previously d^bed The test result signal 34 may then be transmitted to the 
testjiZTwhere Uie test result signal 34 may be evaluated to determine 
lether the sub-circuit 180 behaved correctly. 

Figure 29 shows an alternate embodiment ot test circuit 14 
15 allowing the test circuit 14 to test the suO-clrcuil 180 within the IC 18 and 
includes ail of the compunents shown in Figure 28 with one exception; the 
.ub-circult 180 is powered differently. In this emDodiment, the enable 
transistor QE' is connected to the supply voltage VDD and the sub-c,rcu,t 180 
is connected to ground VSS. When the enable test sub-circuit signal 184 has 
20 a digital logic value of the enable transistor QE will turn on and connect the 
supply voyage VDD tu the sub^circu^ 180. The operation of this modified 
version of tho test circuit 14 would otherwise operate as previously descnbed 
for the embodiment shown In FIguie 28. 

Since the test circuit 14 was designed with a minimal number of 
25 transistor and requires a minimal amount of chip area, the teet circuit 14 may 
he fabricated with one or two metair^ation layers whereas current stale of the 
art ICS require as many as 7 layers of metallization. Alternatively, more 
metallization layers could be used in the fabrication of the test crcuit 14. 
However, since the test circuit 14 can be fabricated with two metallisation 
^0 layers (or alternatively one metallisation layer and one poly-sil.con 
interconnect layer) wireless testing may be performed using the wireless IC 
test system 10 before all of the meiallization layers for the IC 18 have been 
deposited. Furthermore, this testing may be continued ihroughoul the 



♦i,«r lav/fifc ara added to the IC 18. ATthougn tfie 
manufacturing process as other layers are aoaea to wi ^ 

IC 18 hasn't been completed, most oflhe suD-circuilb wiih,n the IC 18 can De 
mortulanzed for teeing. In addition, each new metallization layer may be 
.imply switched into and out of the te.t cirr.tiit 14 during testing. In m.s case. 
6 an absence of the test result signal 34 rnay be used to indicate a funcbonai 
failure in the .netallization layer. Furthermore, the addition of late, 
metallization and oxide layers could be used to increase the value of the 
resistors and the capacitois used in the test circuit 14 which would allow tne 
test unit 12 to follow the growth of the IC 18 right up to completion. 
10 A simulation of the entire test circuit 14 was done using 

OADENCE^^- which is a widely used IC design CAD tool. The simulation was 
done on the following IC technologies and supply voltages: 0.5 micron with 5 
V 0 35 micron with 3.5 V, 0.25 micron with 2.S V and 0.18 micron with 2 V. 
The capacitance parameter test was simulated using two capacitors with 
15 values of 200 F and 400 fF and two resistors with values of 5 KQ and iO kfl, 
A Discrete Fourier Transform integrated over a teal interval of one 
microsecond was used to observe the simulated test results. The ab.lity to 
evaluate test results in such a short period of time Is in co.ilrast to 
conventional probe tests in which a 101 ring oscillator operating at 
20 approximately 100 MH. results in a minimum re^^uirement of 10 microseconds 
to obtain a test result. 

A spectrum of test results is shown in Figures 30a and 30b. 
Referring to Figure 30a. for capacitance, there was a distinct difference 
between the two frequencies exhibited (labeled o1 and c2) by the test c,rcu.t 
25 14 When the variable ring oscillator 62 was loaded first by sub-cirourt 154 and 
then by sub-circuit 156. The resistance parameter test results also showed 
distinct oscillation frequencies (the frequencies are labeled r1 and p2). F.gu.e 
30b shows the simulation results for the gate delay parameter test. In this 
case there was also two discernible oscillation frequencies d1 and d2. The 
30 extra delay, and hence lower oscillation frequency, due to the two extra 
inverters is labeled d2. 

Reference is next made to Figure 31 which is a graph of 
simulated test results plotting the oscillation frequency of the vananie ring 
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oacillato. 62 versus .upp.y vo,ta«e VDD for various IC ^^^^^^^^^^^^^^ 
Figure snows that the test circuit 14 is .c^iah.e across » supp y 
voltages (1. 1-5. 2, 2.5 and 3 V) as well as Uiffer^nt IC technolog.es (0. .8^ 
0 25 and n 5 m.crons) whil. the variable nng oscillator fi2 was oscillating a 
5 frequencies on the order of 500 MHz to 4.b GHZ. This «hows that the tes 
circuit 14 is highly tlexiDie and may be used to tost iCs 18 at the. nominal 
clocK rates which are currently in the Gigahertz ranfle. Furthermore, the test 
circuit 14 may be used >n testing during the manufacture of many different ICs 
ranging from analog to digital devices. 
10 During simulation It was also found that the varlat)le rinQ 

oscillator 62 naa a smooth transition without any glitches when swiiching fr«m 
a given test state to the ne« test state. Qlltches are undesirable since they 
would mtroauce a sta.tup tme (i.e. delay), create nois^ and may also cause 
power surges which could cause very large increases In U.e power consumed 
15 by the test circuit 14. If different ring oscillators were used for each test state 
then glitches may result and there may have to he some circuit.y in the test 
circuit 14 adapted to avoid transtents in Ihe test results. The synchron.zat.on 
issue would also affect the test unit 12 and It would be l.Keiy that the 
bandwidth of the receiver of the test unit 12 would have to be substantially 
20 increased to accommodate im synchronisation issue. However. s.mulat,ons 
showed that glitches are not an issue with thft test circuit 14. 

one imptementation of the test circuit 1 4 was done for 
exemplary purposes, with standard VI Si CAD tools, using a 5 layer 0.2S 
micron. 2.5 V. single n^ell CMOS p.ocess. The final layout, without the 
25 antenna, was approximately 150 by 50 micrometers and comprised 
approximately 250 transistor*. This resute in a chip ar^a of 7,500 ^lm wh^ch 
is approx.mately 1/10.000'^ the area of a Pentium class IC. The test drcuit 14 
dissipates approximately 1 mW of power which is 1/20,000- of the power 
dissipation of a Pentium dass IC. 
30 The wireless IC test system described heiein can be further 

altered or modified within the scope of the original invention. For instance, 
more or fuwer components or groups of components may be used ... the 
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parametric testing of ths IC 18. Furthermore, other test n«lhods may 
by the test circuit 14. 

H should be understood ihat various modifications can b« 
to the preferred embodlmisnU described and illustretcd herein, v.ithout 
departing from the present invention, the scope of which is definedj in the 
appendftrt claims. 



